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Abstract
The LHC will be supplied with protons from the
injector chain Linac2 - PS Booster - PS - SPS. These
accelerators are being upgraded so as to meet the very
demanding needs of the LHC: many high intensity
bunches (25 ns spacing) with small emittances (transverse
and longitudinal). The injector scheme which will satisfy
these requirements is presented and the main challenges
and problems for the machines are outlined. Some of the
open issues which need further elaboration, such as
tolerances on bunch intensity, are touched upon. The
conversion of the PS complex enters its final phase and
the first LHC-type beams have been delivered to the SPS.
Finally, the Pb ion injector scheme is sketched and the
promising outcome of a test campaign in LEAR is
highlighted.
1   LHC PROTON INJECTOR CHAIN
1.1. Overview
The LHC injector system [1], including the heavy
ion route, is shown in Fig.1.
Fig. 1: The LHC injector complex.
For the proton chain, the main new systems and
modifications of/additions to existing equipment are:
• Two new transfer lines, 2-3 km each, to provide the
LHC rings with clockwise and anticlockwise p beams
from the SPS. They will be equipped with warm, small
aperture magnets, contributed by Russia.
• New or upgraded ejection systems for fast extraction
of the SPS beam towards these transfer lines.
• Reduction of coupling impedances in the SPS to
stabilise the LHC bunches.
• 40 and 80 MHz cavities in the PS to impress on the
beam the LHC bunch spacing (25 ns) by re-bucketing and
to shorten the bunches to 4 ns.
• Increase of PSB energy to 1.4 GeV, to ease space
charge in PS.
• New RF systems in PSB (h=1) to operate with one
bunch per ring, thus enabling two-batch filling of the PS
and reducing space charge in PSB.
• Transverse fast dampers in PS, SPS, LHC to reduce
emittance blow-up due to mis-steering at injection.
• The resolution and precision of beam profile
monitors along the chain have to be matched to the LHC
beams of unprecedented brightness.
1.2. LHC proton beam requirements at injection
Several types of beams will be required by the LHC
during its lifetime: (i) “pilot” (single bunch with 5 109
protons) for exploring the machine; (ii) “commissioning”
for initial collider operation during  the first two years;
(iii) “nominal” for routine collider operation; (iv)
“ultimate” for collider operation at the beam-beam limit
at a later stage (Table 1).






luminosity [cm-2sec-1] 1033 1034 2.5 1034
protons/bunch Nb 1.7 1010  1.1 1011 1.7 1011
protons/LHC ring 4.8 1013 3.1 1014 4.8 1014
bunches/ring 2835
bunch spacing [ns] 25
ε∗ = (βγ) σ2/β [µm] 0.9 3.5 3.5
relative transv. density
Nb/ε∗ (nominal = 1)
0.6 = 1 1.55
rms bunch length [ns] 0.43
εL (2σ) [eVs] 0.5 –1.0
∆E/E (rms) [10-3] 0.4 – 0.8
2   PS CONVERSION FOR LHC (PROTONS)
The conversion of  the PS complex to an LHC
proton pre-injector is dictated by two main issues:
• The required beam brightness (intensity/emittance)
largely exceeds the one achieved so far;
• The PS has to provide the bunch spacing of 25 ns.
A scheme potentially satisfying these requirements
was proposed and its main ingredients were tested in
autumn 1993 [2]. Encouraged by this successful test, a
2project to convert the PS complex as LHC pre-injector
was launched in 1995 and will be terminated by 2000 [3].
2.1. How to increase the PS beam brightness
While the intensity required for LHC is well within
the capabilities of the PS complex, the transverse
emittance is very small, yielding a beam brightness
Nb/ε∗ almost twice than was hitherto achievable. Low-
energy synchrotrons suffer from space charge which can




where N is the number of protons in the synchrotron. This
tune shift would become unmanageable (almost 1 in the
PSB at 50 MeV) and in the PS (at 1 GeV). The tricks to
beat this fundamental limitation are:
• Filling the PS with two Booster batches, thus halving
the intensity per pulse and the tune shift at 50 MeV;
• Raising the PS injection energy from 1 to 1.4 GeV,
thus decreasing ∆Q in the PS by a factor 1.5 (1/βγ2).
The four PSB rings, ¼ of PS circumference each, are
transferred sequentially to fill the PS in one go. This is
done for the high-intensity beams for SPS Physics with
two bunches (h=2) per PSB ring. However, with only one
bunch per ring, four bunches can be squeezed into ½ of
the PS, thus leaving space for the second PSB batch 1.2
seconds later (Fig. 2).
Fig. 2: PSB-PS four-ring proton transfer scheme for SPS
physics (top) and LHC (bottom) beams.
To operate with the new RF harmonic h=1 instead of
the former h=5, the PSB is now equipped with new RF
cavities featuring a frequency range of  0.6 to 1.7 MHz;
the former h=5 system is now modified to work on h=2.
Since the PS also has to cope with new harmonic numbers
(h=8/16, well within the range of  the existing RF
systems), both machines are now equipped with new
digital beam control circuits.
For raising the PSB ejection/PS injection energy
from 1 GeV to 1.4 GeV (increase in momentum by
26.3%) the PSB main power supply has been upgraded to
cope with the higher magnet currents. Likewise, the
magnets in the PSB ejection and in the beam transport
line to the PS have to provide higher field levels, which
meant renewing most of the magnets (dipoles,
quadrupoles, septa, kickers) and their power supplies.
2.2. LHC bunches with 25 ns spacing at 26 GeV/c
On the PS ejection flat top, the LHC beam (16
bunches) is debunched and then recaptured by new 40
MHz cavities (300 kV + one spare), thus impressing on
the beam the LHC bunch spacing  (25 ns on PS harmonic
84). A rather elaborate non-adiabatic procedure, making
use of  80 MHz cavities (2 x 300 kV + one spare) finally
shortens the bunches to 4 ns to make them fit into the SPS
200 MHz buckets. Four out of the 84 bunches are
presumed to be lost due to the PS extraction kicker rise
time, but this is not a “clean” method to get rid of these
bunches. An alternative proposal avoiding this issue,
together with a more elaborate description of the RF
procedures involved, may be found in [4].
2.3. Project status
Most of the new systems were installed in the 1997/8
shut-down, followed by a tense four-week running-in
period with the principal aim to provide operational
beams to the PS users with all the new equipment. In spite
of several hiccups, the SPS received the beam on
schedule, 27th March 1998.  After several machine
studies, a first LHC-type beam (not in all respects, see
Table 2)  could be sent to the SPS for first exploratory
experiments by September 1998 [5].
Table 2: PS conversion for LHC, principal milestones
Sept. 1998 Summer 1999
PSB Energy 1 GeV 1.4 GeV
RF harmonic number 2 1
# pulses to fill PS 1 2
PS protons/LHC bunch 1011 1.1 1011
26 GeV/c bunch spacing 25 ns 25 ns
# bunches to SPS 80 80
total bunch length 4.8 ns 4 ns
ε* (normalised, rms) ~ 5 µm  3 µm
εL (2σ) ~ 0.5 eVs 0.35 eVs
∆p/p (2σ) ~0.0025 0.0021
40 MHz cavities in PS 1 2
80 MHz cavities in PS 2 3
nominal beam
Both the total numbers of accelerated protons and
lead ions (in both PS and SPS) in 1998 reached new
record figures, in spite of the profound changes in the way
the PS complex is run.
During the current 1998/9 winter shutdown, the PS
complex is in the process of installing new hardware
(almost) completing the PS conversion: (i) further kickers,
septa, magnets and their supplies to complete the upgrade
of the PSB-PS line to 1.4 GeV; (ii) a 2nd 40 MHz  and a
3rd 80 MHz RF system. This additional hardware should
enable the PS to produce the nominal LHC beam for tests
in the SPS by Summer 1999 (Table 2). All these changes
are summarised in Fig. 3.
3Fig. 3: PS Conversion for LHC: Overview of hardware
changes, year of installation, Canadian contribution.
3   SPS CONVERSION AS LHC INJECTOR [6], [7]
During the Chamonix IX Workshop, many talks
dealt with specific tasks for the “SPS Conversion for
LHC” project, therefore just an overview is  given here.
 For each of the two new SPS-LHC transfer lines
(TI2 for clockwise injection, TI8 anticlockwise) the SPS
ejection scheme has to be upgraded to enable fast
extraction of the SPS beam. The ejection towards TI8 has
to be compatible with a possible future proton beam
(larger emittances than the LHC beam) for producing a
neutrino beam to be sent to Gran Sasso.
LHC (1-Ring) = 88.924 µs
SPS = 7/27 LHC







τ1 = 3 lost bunches (PS Extraction Kicker rise time = 85 ns.)
τ2 = 8 missing bunches (SPS Injection Kicker rise time = 220 ns.)
τ3 = 38 missing bunches (LHC Injection Kicker rise time = 0.94 µs.)
τ4 = 127 missing bunches (LHC Dump Kicker rise time = 3.17 µs.)
Fig. 4: Proton bunches in the PS. SPS, and one LHC ring.
Note the partial filling of the SPS (3/11) and the
limitations due to kicker rise-times. One LHC ring can be
filled in about 3 minutes.
While the proton intensity even of the ultimate LHC
beam in the SPS is below the highest operational one, the
SPS will be partially filled (3/11, see Fig. 4), giving rise
to strong transient beam loading in the 200 MHz
travelling-wave acceleration system. A programme to
upgrade the system enabling it to cope with the enhanced
beam loading has been started [8].
Whereas in the PS the main issue is transverse beam
brightness, the SPS is known to be limited by the
longitudinal brightness (intensity/longitudinal emittance)
which leads to single-bunch longitudinal micro-wave
instabilities. These have been quantified and culprit
coupling impedances identified [9]. A major project to
reduce the SPS impedances has been launched, the largest
job being the RF screening of 800 pumping ports which
will last several winter shut-downs. An alternative route
to raise the threshold intensity of these instabilities is
increasing the slip factor η  by lowering γt; the validity of
this idea was demonstrated by experiment. 24 quadrupoles
placed around the SPS would do this job at injection [10].
All these tasks are part of the “SPS as Injector for
LHC” Conversion project [11] which has been launched
in 1996 will be be completed by 2001.
Table 3: LHC proton injector chain: main parameters and
characteristics of the various beams (at ejection energies)
Linac PSB PS SPS LHC
Energy [GeV] 0.05 1.4 25 450 7000
repetition time [s] 1.2 1.2 3.6 18.0
# of bunches 1/ring 8/16/84 240 2835








bunch spacing [ns] 5 285 25 25 25
# pulses to fill
downstream accel.


























































ε∗ [µm] 1.0 2.5 3 3.5 3.75
4   OPEN ISSUES, MAJOR MD’S (PROTONS)
4.1. Open issues
Table 3 gives an overview of the main parameters
and performance figures of the LHC proton injector
chain. The problems to fulfill these very stringent
requirements and some related issues are compiled below:
• The transverse “emittance budget”: the tolerable
emittance increase per machine is quite small, and
“zero” for the commissioning beam.
• The longitudinal emittance budget appears less tight;
however, the real needs (in particular to master
instabilities in the SPS) are not yet completely
known.
• A pilot beam consisting of one single bunch of 5 109
protons will be employed for the initial LHC running-
4in phase. Other types of pilot beams may be
requested as well.
• Spurious bunches, that is protons captured into LHC
buckets adjacent to the main bunches, may be created
by imperfect RF manipulations in PS, SPS, and LHC.
Their intensity should not exceed a few % of the main
bunches.
• Bunch-to-bunch intensity variations (mainly caused
by the pre-injectors) should stay below 10%.
• The tolerable bunch-to-bunch variance in transverse
emittance is ~30%.
• At injection into the LHC, steering errors of up to 2.4
mm are within the capability of  the fast injection
oscillation damper under construction.
Note that these tolerances, suggested [12] during the
Workshop, are very preliminary and  no doubt subject to
change.
4.2. Major Machine Development tasks
This is a tentative list of major experimental beam
dynamics studies to be carried out in the coming years.
Most of the studies concern several machines, thus one
anticipates an increasing number of joint Machine
Development sessions.
• Minimisation of steering errors between machines,
preferably by implementing automatic procedures
such as “ABS” [13] and active damping of injection
oscillations [14].
• Correction of betatron and dispersion mismatch
between machines; it should be noted that the latter is
very influential as the LHC beam features small
emittances combined with large momentum spreads.
• The measurement of an emittance increase of as small
as 10-20% per machine calls for substantially
improved beam profile monitors.
• There is still work to be done in the PS complex to
deliver the nominal LHC beam to SPS. Moreover, the
longitudinal parameters of this beam will have to be
tailored to the SPS needs which remain to be
determined by machine studies.
• For the commissioning beam (Table 3), the emittance
budget between 50 MeV (Linac) and 7 TeV (LHC) is
zero. As this is physically impossible, the transverse
density is reduced as well (60% of the nominal
beam). One can then profit from the fact that the
Linac transverse density function is approximately bi-
gaussian featuring a very dense core with the nominal
180 mA beam current (almost reached), and use
scraping techniques in the injectors. The best way of
doing this will be a further item to study.
5 LHC ION INJECTOR CHAIN: LEAD IONS
The ion injector chain [1] is sketched, along with the
proton chain, in Fig.1. Ions are generated in the lead linac
(Linac 3), however they do not pass via the PSB as in the
present ion scheme, but instead are injected, accumulated
and accelerated in the Low Energy Ion Ring (LEIR).
From this accumulator, the ions are transferred to the PS,
and then they follow the proton route.
5.1. Basic choices and parameters
When two lead bunches collide at 2.8 TeV/u energy per
beam in the LHC, several effects generate beam losses
and thus limit the ion lifetime. The rate of these events  is
proportional to the luminosity which has to stay below 3.2
1024 cm-2 s-1 per lead ion bunch to keep to an acceptable
luminosity lifetime of 6 hours. For 608 bunches per beam,
this corresponds to a maximum luminosity of  1.9 1027
cm-2 s-1 for lead ions.
Table 4: The LHC ion injector chain: parameters for lead
ions at ejection energies (LHC: collision energy).
Linac LEIR PS SPS LHC
energy/u (GeV/u) 0.0042 0.0148 4.26 177 2760
momentum/u
(GeV/c/u)
0.0885 0.1667 5.11 178 2760
momentum/charge
(GeV/c/charge)
0.341 0.642 19.71 450 7000
Pb charge state1 54+ 54+ 54+ 82+ 82+
# bunches 4 4 52 608
bunch spacg. (ns) 374 1252 125 125
ions/bunch (108) 3 1.6 1.2  1
ions/pulse (109) 0.15 1.2 0.64 6.2 60
ε* (µm) 0.25 0.8 1 1.2 1.5
εL (eVs/u) 0.012 0.025 0.4 1
bunch length (ns) 225 4 2 1





repetition  time (s) 0.1 3.6 3.6 ~50 9’ fill
/ring
1stripping of lead ions from 54+ to 82+ (fully stripped) between PS and
SPS. Note that therefore the momentum per charge is smaller at SPS
injection: 13 GeV/c/charge instead of 19.7 out of the PS.
2stepwise change of RF harmonic at 258 MeV/u (32-28-24-20-17).
Why not just send the present operational lead ion
beam to the LHC? Unfortunately, the intensity per bunch
which could be packed into the small transverse emittance
requested by the LHC is a factor ~30 lower than needed,
so the achievable luminosity would be 3 orders of
magnitude too small. This factor is gained by a
combination of accumulation (to increase the intensity)
and electron cooling (to decrease the emittances) in the
Low Energy Ion Ring (LEIR), which is LEAR after
upgrading and re-baptizing.
The main parameters of the ion injector chain are
compiled in Table 4. Although the normalised transverse
emittance ε∗ for ions is smaller than the one for protons,
their physical emittances are equal at equal field levels.
5.2. Upgrading of the injector chain for ions
The major systems to be added or modified are:
• Linac 3 will have to operate at up to 10 Hz (now
~1 Hz) to enable LEIR to accumulate up to 20 pulses
(22 µA x 60 µs each) of lead ions.
5• LEAR will undergo the most important modifications
[15] to become LEIR. A more powerful electron
cooling system in conjunction with an optimised
machine optics should allow to attain cooling times of
~ 100 ms required to accumulate the pulses from
Linac 3. Multiturn injection to stack up to 60 µs beam
in both horizontal and longitudinal phase planes (up
to 20 turns) will be implemented. Moreover, the
already excellent vacuum system needs an ultimate
improvement to avoid excessive beam loss due to
Pb54+ ions changing their charge state when
interacting with the rest gas.
• LEIR will transfer 4 bunches to the PS (1/8 of it
filled) which in turn cannot wait for more LEIR
pulses due to insufficient vacuum conditions. After
accelerating the four bunches on h=32 to 258 MeV/u
(2.85 GeV/c/charge = “proton equivalent
momentum”), the harmonic number – and thus the
bunch distance – is changed in steps (32-28-24-20) to
h=17 in order to obtain the LHC ion bunch spacing of
125 ns. Note that this sophisticated procedure is only
conceivable with bunches occupying a small fraction
of the ring, and requires new beam control hardware.
• The rise-time of the SPS injection kickers (operating
for the lead ions at 13 GeV/c/charge) has to be
shortened to <120 ns, compatible with 125 ns bunch
spacing. This can only be achieved by substantially
modifying the present system.
The lead ion filling scheme is sketched in Fig. 5.
Fig. 5:  The LHC lead ion filling scheme, schematic.
5.3. Beam tests in LEAR
In order to explore the basic options of the
accumulation and cooling scheme proposed for the LHC
ion injector chain, LEAR was the stage of extensive beam
tests with lead ions in 1997, after the antiproton physics
programme had drawn to a close. Some minor
modifications of the injection and electron cooling
systems enabled testing most features of LEIR. In the end,
about half the design ion intensity could be accumulated
(Fig. 6) and cooled to nominal emittances, a very
encouraging result [16].
The 1997 test results are compared to the nominal






























































Fig. 6: Lead ion test in LEAR, demonstating accumulation
of  6 108 ions, about half the design figure.







# turns inject. per linac pulse 20 10
multiturn injection efficiency 35% 50%
electron cooling time longit. 100 ms 100 ms
electron cooling time transv.
(factor 10 in emittance)
200 ms 100 ms new cooling
system
# linac pulses accumulated 10-15 20
# Pb54+ ions/pulse from linac 2.5 109 3 109 current~20 µA
# ions after accumulation 7 108 1.2 109 faster cooling,
better vacuum
beam accumulated/available 28% 40%
ε∗ (rms, normalised)  (µm) 0.4 0.5 - 1
6 CONCLUSIONS
The “PS conversion for LHC” programme is almost
terminated as most of the hardware is now installed in the
PS complex. After the successful 1997 start-up with new
RF systems in PSB and PS, LHC-type beams were ready
by September 1998 when 80 short bunches with 25 ns
spacing were sent to the SPS for parasite machine
developments. In 1999, it is planned to start up the PS
complex with 1.4 GeV PSB-PS transfer energy, with PS
two-batch filling to be tried later. There is hope that the
truly nominal LHC beam will become available by
September 1999.
The main options of the “SPS as LHC Injector”
upgrading programme are decided and hardware
procurement has started. However, not all items are frozen
as their design depends on the outcome of forthcoming
machine studies with LHC-type beams. This is the
motivation for PS to push for an early availability of  this
beam. However, many open issues, such as emittance
conservation, call for extensive machine studies, often
involving several  accelerators.
The LHC will need lead ions quite soon after start-
up. The key element in the ion injector chain is the
6accumulator/cooler ring LEIR (LEAR upgraded). The
proof that such a machine can indeed do the job was given
during a successful test campaign using LEAR in 1997
where half the ion design intensity was accumulated. The
conversion of the accelerators to serve as an LHC ion
injector chain (in particular LEAR to LEIR) will be
started by 2001.
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